Microfluidic systems offer compact and efficient thermal management strategies. In this work, we investigate novel nanostructured surfaces to control fluidic behavior and enhance heat dissipation in microfluidic systems. We fabricated silicon nanopillars ranging from 200 nm to 800 nm in diameter and heights of approximately 5 µm. In the presence of notches on the pillars, the liquid separates into multiple layers of liquid films. The thicknesses of the liquid layers subsequently increase as the film propagates, which is determined by the specific position and geometry of the notches. In the presence of asymmetric nanopillars, where the pillars have deflection angles ranging from 0-50 degrees, directional spreading of water droplets can be achieved. The liquid spreads only in the direction of the pillar deflection and becomes pinned on the opposite interface. We performed detailed measurements and developed models to predict the behavior based on pillar geometries. These studies provide insight into the complex liquid-nanostructure interactions, which show great potential to design nanostructures to achieve high flux thermal management solutions.
INTRODUCTION
The increasing heat generation rates in high performance electronic devices and systems are demanding the development of new thermal management solutions 1 . In particular, two-phase fluidic microfluidic cooling systems have received significant attention because the latent heat during liquid-vapor phase-change absorbs large fluxes with minimal changes in device temperature [2] [3] [4] . Efforts have focused primarily on boiling flows in microchannels. However, in these systems liquid-vapor instabilities during phase-change lead to local dry-out, non-uniform temperature distributions, and significant decreases in critical heat flux [5] [6] [7] [8] [9] . In contrast, two-phase jet impingement techniques have been investigated to a much lesser extent, despite the theoretical promise of very high heat transfer coefficients (>100 W/cm 2 K) with high heat dissipation capability (>1000 W and >1000 W/cm 2 ) via thin film evaporation 2, 10 . Previous experimental attempts have typically led to pool boiling due to chamber flooding, or liquid dry-out due to insufficient liquid supply 2, 11 . These undesired effects significantly decreased heat transfer coefficients and heat removal rates. Nanoengineered surfaces offer new opportunities to enhance and control fluid and heat transport for thin film evaporation. Significant efforts in past work focused on promoting nucleation sites by incorporating surface features and roughness to improve the critical heat flux in spray cooling [12] [13] [14] and pool boiling 15, 16 . Carbon nanotube (CNT) forests have more recently been investigated to enhance nucleate boiling and film boiling 17, 18 . In most of these studies, the surface features were neither sufficiently organized nor controlled. Recent progress in fabrication methods has enabled the creation of more defined and sophisticated micro-/nanoscale surface structures. For example, superhydrophobic surfaces using micro-/nanostructures have been explored to reduce drag 19, 20 , to increase heat transfer coefficients by dropwise condensation 21 , and to manipulate fluids and droplet directionalities 22, 23 .
Controlled surface nanoengineering has also been recently researched to develop superhydrophilic surfaces for fluid wicking and liquid transport 24 . Efforts have focused on the effect of periodic simple structures on the liquid propagation and final wetted shape. In this work, we leverage three-dimensional nanostructured surface design to control fluidic behavior and to ultimately enhance heat dissipation in microfluidic systems.
FABRICATION AND CHARACTERIZATION OF NANOSTRUCTURED SURFACES
We designed and fabricated three-dimensional hydrophilic nanostructured surfaces to investigate the effect on liquid spreading. The nanostructures were fabricated in silicon, where the pillar diameters ranged from 200-800 nm with heights from 5-10 µm. The pillars were defined using projection lithography, and etched using deep reactive ion etching (DRIE). During the DRIE process, the etch and passivation cycles were varied to create intentional side scallops on the nanopillars, as shown in Fig. 1a . In addition, asymmetric nanostructures were fabricated, by subsequently depositing a thin film of gold on one side of the pillars, as shown in Fig. 1b . The thickness of the gold thin film determined the deflection angle, owing to the residual stresses between the two materials. The surfaces were then conformally coated with a hydrophilic polymer (where the contact angle of water on a polymer coated flat surface is 80°) to achieve uniform surface properties. The deflection angles ranged from 0-52 degrees.
Detailed studies of liquid behavior on the nanostructures were carried out. Deionized water (DI) with varying concentrations of surfactant (Triton X-100) ranging from 0.01% to 0.00125% by volume was used to vary the surface tension from 30.2 to 42.6 dynes/cm. Characterization techniques include environmental scanning electron microscopy, fluorescence and white light microscopy, and high speed imaging. We observed liquid separation into multiple layers during the propagation across surfaces with nanostructures as shown in the scanning electron micrograph (SEM) in Fig. 1a 25 . The pillars ranged in diameters from 500-800 nm and spacings from 500-800 nm. When a 2 µL droplet of DI water was deposited onto this surface, the liquid separated into several layers. A lower layer advanced first, and subsequent sequential layers followed on top of the first one. The phenomenon shown in Fig. 2 was visualized with fluorescent microscopy with a 40× magnification (NA=0.60). A 29 mM Rhodamine B solution was used to enhance the contrast between the visualized layers. The multi-layer separation was positively correlated to the presence of the scalloped features on the pillars. When pillar arrays with the same diameter and spacing were fabricated but with non-visible scalloped features, the liquid spread across the surface with a uniform thickness. We also studied the behavior of liquids on asymmetric nanostructures (Fig. 1b) . Typical directional spreading behavior on the fabricated asymmetric nanostructures is shown in the time-lapse images of the side in Fig. 3 . In this particular case, deionized (DI) water with a 0.002% concentration of surfactant (Triton X-100) by volume was deposited on the surface where the nanopillar deflection angle is 12°. The liquid propagates primarily towards the right, while the contact line pins in both the left and perpendicular directions (into the page). 
EXPERIMENTAL RESULTS AND DISCUSSIONS
We performed experiments and developed energy-based models to investigate the effect of three-dimensional geometries on liquid behavior. Based on our observations, the multi-layer liquid spreading was attributed to scallops of particular geometries that created energy barriers. A model based on surface energy was developed to explain the observations. In the model, the scallops are modeled as tiered steps as shown in Fig. 4(a) . 
Therefore, for pillars of the same material (same intrinsic contact angle), a decrease in the d u /d l ratio will increase the size of this energy barrier such that state (iv) can have a higher energy than state (ii). The difference of the normalized energy between state (ii) and state (iv) plays an important role in the separation phenomena, which is determined by
is the distance between the centers of neighboring pillars, and θ is the intrinsic contact angle of the liquid on the solid.
When the liquid is deposited onto the surface, the liquid chooses the configuration with the lower surface energy. If S<0, the energy of state (ii) is lower than that of state (iv), and when a small volume of liquid, ΔV, is supplied from the droplet in this case, the liquid propagates at the edge as a separated layer. In contrast, when S>0, state (iv) is preferred because it has the lowest energy and the liquid remains in a uniform layer at the height of the pillars.
The analytical curve for S=0 as calculated from Eqn (1) is plotted in To achieve directional spreading work, the design of asymmetric structures, including the deflection angle, pillar height and spacing, and surface chemistry highly determines such behavior. We studied the liquid film that propagates ahead of the droplet within the nanopillars to elucidate the spreading behavior. The experimental results in Fig. 6 show the regimes by which the liquid propagates and pins as a function of the liquid intrinsic contact angle, θ in , and pillar deflection angle, θ. The square symbols ( ) indicate experiments in which the liquid film propagates only in the +X direction, whereas the crosses ( ) are experiments where the film propagates in both +X and -X. The triangles ( ) show instances where the liquid film is nearly pinned in the -X direction, i.e., the propagating process was at least five times slower in -X than in +X. The behavior of the film along the Y-axis was similar to the behavior in the -X direction. 
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CONCLUSIONS
The work demonstrates that three-dimensional nanostructured surfaces can be designed and fabricated to achieve multilayer liquid spreading and directional liquid spreading. A combined study of experiments and modeling efforts show the effect of nanopillar geometry and liquid surface tension on spreading behavior. The work offers insight into the design of nanostructures and exciting opportunities to achieve new manipulation capability for microfluidic-based thermal management systems.
